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Introduction: Common introduction of industrial control systems based on wireless networks leads to the emergence
of a new way of using wireless networks, called the Industrial Internet of Things (lloT). This framework assumes a large but
finite number of users for which you have to provide the transmission of short messages with low delay and limited delay
variation. Purpose: Efficiency evaluation of resource allocation algorithms for delay-sensitive traffic in a downlink OFDM
channel. Methods: An OFDM system is presented as a set of M/G/1 queuing systems. A convex optimization problem is
introduced, whose solution determines the lower bound of the average delay of message transmission in delay-sensitive
traffic over the set of scheduling algorithms under study. Results: An algorithm is proposed for calculating the lower bound
of the average delay. This algorithm is fed by system parameters: the average message size, the input flow intensity, and
the average maximum throughput for each device connected to the base station. Based on these input parameters, the
optimization problem is introduced and solved by a numerical method. The solution of the optimization problem determines
the lower bound of the average message transmission delay. Practical relevance: The obtained result can be used by system
developers for planning and deploying OFDM networks. It can also serve as a reference when developing Ultra-Reliable and
Low Latency Communication technology.
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Introduction

Wireless technologies are now widely introduced
into industry, leading to the emergence of a new way
of using wireless networks, called the Industrial
Internet of Things (IIoT). This way assumes that there
are multiple devices which establish a wireless con-
nection to a remote server. The server uses a sequence
of control messages transmitted over a downlink to
remotely control and monitor a particular technologi-
cal process or the enterprise as a whole [1-3].

Within the IToT concept framework, the Interna-
tional Telecommunication Committee [4] and 3GPP
consortium [5] are standardizing the network scenar-
io of Ultra-Reliable and Low Latency Communication
(URLLC) designed to satisfy the key performance in-
dicators for the industry. However, the 3GPP consor-
tium has just started this standardization procedure.

It is worth noting that a number of studies are
known, tasked with reviewing [6] or theoretical
analysis [7] of URLLC scenario for 5G networks.
In [6] and [7], the authors discuss possible usage
of non-orthogonal multiple access technology to
achieve key performance indicators of a wireless
network required for the operation of an informa-
tion system. Unlike these works, this article aims
to obtain efficiency estimates for the existing or-
thogonal communication systems when a delay-sen-
sitive traffic is transmitted via a downlink channel.
This will give the engineers and network developers

a tool for assessing the efficiency of using orthog-
onal networks when planning and deploying them.

The article is organized as follows. First, we give
a description for a model of the system under study,
along with a system of assumptions. We analyze the
system as a queuing system and formulate an op-
timization problem whose solution will allow us to
find the lower bound of an average message trans-
mission delay in an OFDM system. Then we propose
an algorithm for calculating the lower bound of an
average delay of downlink message transmission in
an OFDM system. Finally, we present some numeri-
cal results and conclusions.

System model

In this article, we discuss a development of the
model proposed in [8], applied to delay-sensitive
traffic transmission. The networks contains a re-
mote server that coordinates the functioning of a
finite number N of devices connected to the same
base station. The functioning of each device i is co-
ordinated by forming a sequence of messages (each
message has a unique serial number j) as long as
Vi, i j=1,0 bits, and the time intervals between the
arrival of messages are distributed according to an
exponential law with the parameter A; [9]. Via an
absolutely reliable channel, the messages are trans-
mitted to the base station (BS) where they get into

88 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI
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B Fig. 1. System model

queues (each queue corresponds to a unique device)
to be transmitted via a wireless channel (see Fig. 1).

General statements

We discuss the operation of a downlink in OFDM
mode: all the operation time is split into slots of an
equal duration; within a slot, a limited frequency
zone can be distributed between several devices.
Because of flat fadings in the wireless channel, its
state changes in time for each device: in each time
moment ¢, the channel state can be represented as a

vector C(t) = [Ci(t),i = L_NJ, where C,(?) is the speed

of transmitting data for the device i if it is given
all the frequency zone for transmission at the time
moment t.

The BS scheduler whose task is distributing the
fractions of the wireless channel between the devic-
es makes a decisive contribution to the system effi-
ciency. The scheduler task solution can be described

with a vector a(t) = [oci (t),i= I,_NJ, where o,(t) is the

frequency zone fraction given to the device i at the
time moment ¢. An obvious limitation is that the
available frequency band for data transmission is
finite:

N
vty o;()<1. 1)
i=1

The main efficiency indicators for delay-sensi-
tive traffic are [5, 4]:

— average delay of message transmission for
the device i, see the expression (2);

— delay dispersion for message transmission
via the wireless channel.

The delay dispersion can be large because the re-
sources for data transmission are given irregularly.
This is considered to be a negative effect. Therefore,
the delay dispersion is limited from above by a cer-
tain value.

The average delay of message transmission is de-
termined by the following expression:

_ Hy(v)
T=lim—— > T, )

T—0 Hi (’C j=1

where H;(t) is the number of fully delivered messages
for the device i during the time interval [0, t], and
T;; is the time interval from the moment when
a message j for the device i gets into a BS queue,
to the moment when the last bit of the message is
received by the device i. In its turn, the value T ;
consists of the duration of waiting for a message in
the BS queue (wi’j) and the duration of transmitting
the message via the wireless channel (x; ):
T‘i,]’:wi,]"‘t‘xi’j. (3)
Note that as a result of the scheduler’s opera-
tion, during the transmission of a message j for the
device i, the value of X js is determined which di-
rectly affects the waiting time in the queue for the
subsequent messages. This process is demonstrated
in Fig. 2.

=

T

(0D
|:| Transmission

i, 5,6 @ T

Arrival of message j for device i & Idle

. Waiting in the queue i, j | Delivery of message j for device i

B Fig. 2. Graphical representation of delivering messages for device i
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The generalized result of the scheduler’s opera-

tion for each user i are pairs of values x; (average

delay in message transmission) and xiz (coefficient
of variation in message transmission).

Assumptions

In this article, we use the following assumptions:

— Vi:V, ;,j=1,0 is an ergodic random process
with finite mathematical expectation V.

— Viix;,Jj =1,0 is a sequence of identically
distributed random values independent from each

other and from the input flow; their mathematical

expectationis x; and coefficient of variation is xiz .

— The wireless channel state changes in such a
way that the following equality holds:

4, bj T,
[ wwc wat=c,; [ oamdt=V,; @

t, t

i,j i,]
where ¢, ; is the time when a message j starts to be
transmitted to the device i.

— Vi: Ci_,},j =1,0 is an ergodic random process

with finite mathematical expectation (N,’l_l

The presented description of the system and the
assumptions introduced above describe an infinite
and uncountable set of hypothetical planning algo-
rithms A with possible analytical estimates.

Analysis of the system

In this section, we analyze the system under
study as a queuing system, and formulate an opti-
mization problem whose solution will characterize
the efficiency of OFDM systems in delay-sensitive
message transmission.

The system model as a queuing system

With the assumptions made above, the system
can be represented as a combination of N queues
M/G/1, where each queue corresponds to a unique
device. An average delay of message transmission
for device i (see expressions (2) and (3)) can be found
by the Pollaczek — Khinchin formula [10]:

~

7_1-: it
%t 2(1—Kixi) (5)

L 12

Thus we obtained an expression for an average
delay of message transmission for device i (T} ) as
a function of an average duration of message trans-
mission via the wireless channel for the useri (x; ).

An important parameter of the system is the av-
erage idle time for the M/G/1 queue per message,

which is determined by the following expression
[11]:
1

I; :k_i' 6)

Formulation of the optimization problem

One of the central results of [8] is the interrela-
tion between the characteristics of a wireless cen-
tralized communication network and the quality of
user service when transmitting video data by the
HTTP protocol. With reasoning similar to that in
[8], we can find a real interrelation in terms of the
system under study.

Lemma. For a set of scheduling algorithms A
satisfying the introduced assumptions, the follow-
ing inequality is true:

L <1, )

The proof of this Lemma is similar to the proof
given in [8]. Therefore, it is not given in this article.
Let us define the efficiency index of an OFDM
system transmitting delay-sensitive trafficasan av-
erage value of message transmission delay over the
entire set of devices with a given coefficient of var-

N
iation for each particular device: T(A)= ZTl (A).
i=1
It is important to note that the value of the mes-
sage transmission delay is determined by a specific
scheduling algorithm A installed on the BS.

Let us introduce the problem of estimating the ef-
ficiency of an OFDM system as a problem of finding
the lower bound of an average message transmission
delay over the set of scheduling algorithms A :

T = inf T(A). 8)
AcA

The value of the lower bound of an average mes-
sage transmission delay can be obtained as a solu-
tion to a nonlinear optimization problem (9).

N 2
Minimize: T :lz x; +7L’—X’N
Nia 2(1-2; ;)
Subject to: , 9)

~ ~1
N Vi

where chl ,i=1, N are the optimized parameters, A;
and V; are characteristics of the input data flow

90 7 VHOOPMALIMOHHO-YMNPABASIOLLIVIE CUCTEMBI
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~-1
for device i, C; is a characteristic of the state of

the wireless channel for the user i, and xl2 is the

coefficient of variation specified for the duration of
message transmission via the wireless channel for
the device i.

Lower bound of average message
transmission delay in an OFDM system

The optimization problem (9) belongs to the
class of convex nonlinear programming problems.
However, due to the sophisticated structure of the
objective function, it is difficult to obtain a closed
expression for the lower bound value. Therefore, in
this work, we will use numerical methods to solve
the optimization problems. In convex optimization
problems, they allow you to find the global extrem-
um point of an objective function with limitations
[12, 13].

However, the use of a numerical procedure for
finding an extremum can be computationally ex-
pensive. Therefore, below we analyze the cases
when the lower bound value can be obtained without
a numerical procedure. Here is a consecutive analy-
sis of the optimization problem (9).

Consider the case when the inequality

Zfilﬁiéflki —1<0 holds. Then an apparent solu-

tion of the optimization problem (9) is ;L =0,i=1, N
and T" = 0.

Next, let us use the solution method based on the
dual Lagrange function [12]. To this end, we intro-
duce an auxiliary function f*:

N 2
f*N—%Z xi+}”—x’~,xieX
(x)={N 5™ 20-2x) . (10)
0, overwise

where X is a set of admissible values of the
parameter ;c; IS [0, (ki)_l}, i=1, N.
Using the expression (10), we can represent the
optimization problem as follows:
Minimize: f* (;c)
Subject to: , (11)
N
ZL ~-1<0

()

where K; :171@_1, i=1, N.
The Lagrange function for the optimization
problem (11) takes the following form:

~ 13~ Xig
L(x, “)_Nz[xiJrZ(l—ki;c:-) +

i=1
N
+M ZNLL_]__]' . (12)
i=12;+(;)

The dual Lagrange function for the expression
(12) has the following form:

N 2
g(u)=—u+iniiz P +~“KLN_1 =
xXe Ni:l 2(1_}\‘ixl’) xi +(7\‘i)

N N

K;); K;);

=_H+ZM=H Z#_l . 13)
i=1 2 i=1 2

On the base of expression (13), the problem of
finding the lower bound can be represented as a
solution of the optimization (8) problem (14) [12].

N
Maximize: u(zﬁ—lj
— 2
i=1
Subject to: . (14)

{;,LZO

The solution of the optimization problem (14) is
the following expression.

N
~ O,Zﬂgl
- (15)

0, overwise

The expression (15) determines the bound of the
non-existence of scheduling algorithms which sat-
isfy the introduced assumptions.

Based on the reasoning presented in this sec-
tion, we introduce the main theorem.

Theorem. The lower bound value for an aver-
age message transmission delay in an ODFM sys-
tem over all possible scheduling algorithms which
satisfy the assumptions can be calculated as fol-
lows:

N
0, > Ki<1

~3
I

N
K\
(X), —21 B}
27

X(Ki’ Ais xiz’ i=1, N|, overwise

where X() is a solution of the optimization prob-
lem by a numerical method with the given accu-
racy.

NeS, 2008 N\
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Numerical example

The obtained results are demonstrated on the
base of LTE system parameters. We consider the
functioning of one cell in which users are placed
with an equal step on their way from the base sta-
tion. The maximum achievable user’s data trans-
mission rate is in the area from 0.5 MB/s to 5 MB/s,
which corresponds to 5 MHz bandwidth [14].

Fig. 3 demonstrates how the lower bound value
depends on the number of users in a cell when the
size of the transmitted messages is 4 B and the ar-
rival rate is 250 per second for each user in the cell.
At the qualitative level, the following statement
is true: for given network parameters, there is no
scheduling algorithm which provides an average
message transmission delay of 5ms when there are
450 users in a cell.

Fig. 4 demonstrates the values of the obtained
lower boundaries with fixed input flow intensities
for various message sizes. From the calculation for
the network scenario described above it follows that
with a fixed value of the average message trans-

mission delay, the maximum number of subscribers
with a possible scheduling algorithm from the set
A decreases linearly with the message size.

Conclusion

An algorithm is proposed for calculating the
lower bound value for an average message trans-
mission delay in OFDM systems. The obtained re-
sult allows Internet communication system devel-
opers to plan OFDM systems deployed in industry.
It can also serve as a reference for communication
systems that provide URLLC.

The author is supported by scientific project
No 8.8540.2017 «Development of data transmission
algorithms in IoT systems with limitations on the
devices complexity».
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Ouenka 3¢ (eKTUBHOCTH AJITOPUTMOB IIAHMPOBAHM JIs MepPeJadYu YyBCTBUTEIbHOTO K 3aJepskKe Tpaduka mo
HUCXOAANEeMYy KaHaxy B pesxkuvme OFDM

. A. ITacTymok?, KaHj. TexH. HAyK, CTApIINii IpenoaasaTenb, orcid.org/0000-0002-3296-562X, i.pastushok@k36.org
aCaukTr-IleTepOyprecKuii rocyfapcTBEeHHBIN YHUBEPCUTET a9POKOCMUYECKOro mpubopoctpoenus, B. Mopckas yi., 67,
Caukr-ITerepbypr, 190000, PO

Beenenue: moBceMecTHOE BHEIPEHIE CUCTEM YIIPABIEHN A, OCHOBAHHBIX Ha 0eCIIPOBOLHOM CBABH, B IPOMBIIIIEHHBIX 00beKTax hopMu-
pyer crienuUUYHBIHA clleHapUil NCII0JIb30BaHUA 6€CIIPOBOAHBIX CUCTEM, KOTODHIH ITOJyUn HasdBaHue VIHAYCTpUAIbHBIA NHTEPHET Bellei.
B pamkax gaHHOTO clleHapuA IPeAIIoJaraeTcs Hajauune 60IbIIOr0, HO KOHEUHOTO YMCJIa I0JIB30BaTeNe!, A1 KOTOPBIX JOJIKHA OBITH 06e-
clieueHa Iepejada KOPOTKUX COOOIIIeHUI ¢ HUBKOI 3afep:KKOI 1 OrpaHNYeHNeM Ha Juclepcuio 3afep:kku. Ileas uccieqoBanus: orjeHKa
9(pheKTUBHOCTH AJITOPUTMOB ILIAHUPOBAHUS PACIIPEeeIeHNsI YaCTOTHO-BPEMEHHBIX PEeCYPCOB AJIS CHCTEM CBS3U C OPTOTOHAJIBHBIM Ua-
CTOTHBIM MYJIBTHILIEKcUPoBaHueM KanasioB (OFDM) nipu nepesaye 4yBCTBUTEIBHOTO K 3a/JePsKKe TpadUKa B HUCXOAAIIEM KaHaJle CBA3H.
Mertonpi: cucrema OFDM mpe/icTaBiieHa B BUuie MHOMKECTBA CUCTEM MaccoBoro obcaysxuBanus M/G/1, npousBe/ieHa IOCTAHOBKA OIITHMU-
3aI[MOHHOM 3aJauu, pelreHne KOTOPOil onpe/iesigeT HUKHIO TPaHUILY CPefHell 3aepKKU Iepeadun COOOIeHniI YyBCTBUTEJIBHOTO K 3a-
JIepskKe TpaduKa 0 MHOKECTBY MCCIEYEMBIX aJITOPUTMOB IIJIAHUPOBaHUA. Pe3yabTaThl: IPEJIOKEH aJITOPUTM BBIUNCIEHUSA SHAUCHUA
HUKHEeN IPaHUIbI CpelHeH 3aeP:KKHU IIepejayl COO0Ie il YyBCTBUTEIBHOTO K 3aiepkkaM Tpaduka B cucreme OFDM. IlpenioskeHHbIH
aJITOPUTM IPUHUMAET Ha BXOJ IIapaMeTPhI CUCTEMBI: CPeJHUI pasMep COOBIeHN s, NHTEHCUBHOCTH BXOJHOTO IIOTOKA U CpefHee 3HAUCHNE
MaKCUMAaJIbHO JOCTUKUMON CKOPOCTHU Iepefiaur JaHHBIX AJIA KasKJI0r0 YCTPOUCTBA, IOJKIIOUEHHOT0 B 6a30Boi crannuu. Ha ocHOBe BBe-
JEHHBIX IIapaMeTPOB CHCTEMbI IPOM3BOAUTCS IIOCTAHOBKA ONTHMUBAIIMOHHON 3a/[aUll U ee PellleHNe YNCIeHHBIM aaropuTMoM. Pemenne
ONTUMU3AIMOHHON 3ajaYn OIIpefiesideT 3HaueHne HUKHEeN IPaHuIlbl cpefHell 3aIeP:KKU Iepejaul COOOIeHU 10 MHOMKECTBY UCCIeNy-
eMBbIX aJrOPUTMOB IJIAHNPOBAHUA B HUCXOAAIeM KaHase cBasu cucreM OFDM. IIpakTuyeckas 3HAYUMMOCTB: IIOJIYUEHHBIN PE3yJIbTAT
MOJKeT OBITH MCIIOJIB30BAaH paspaboTuMKaMy CHCTeM IIpHU IaHupoBanuu u pasBepreiBanuu OFDM cereil, a TakiKe SBIAETCA OIOPHBIM
pes3yJIbTaToOM [AJis pasdpabaThIiBaeMOil TEXHOJOTUH CBEePXHAAeKHOU cBA3u ¢ Huskumu 3agep:xkkamu (URLLC).

KiroueBslie ciioBa — MHAYCTPpUAIBHBIN nHTEepHET Belreir, OFDM, cpexuss 3asep:KKa, TeOPUS MacCOBOTO O0OCIYKUBAHWS, MaTeMaTH-
yeckad onruMmusanus, URLLC.
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